Fluoropolymers are characterized by high chemical inertness and, when in solid state, by superficial dipoles due to the C-F bond where the charge density is strongly displaced. These two characteristics are exploited here for fine control of charge balance in organic light-emitting devices and for preventing electrochemical interaction between heterogeneous layers. The insertion of a thin layer of polytetrafluoroethylene, PTFE, at the interface between poly(ethylene dioxythiophene):poly(styrene sulfonic acid), PEDOT:PSS, and an electroluminescent polymer leads to improved device efficiency and longevity. The presence of the superficial dipole increases the effective work function of the anode and improves the charge balance which enhances the external quantum efficiency, EQE, of the devices by up to a factor of two without significant effects on the luminance levels. The insertion of the PTFE layer reduces the photoluminescence quenching at the PED-OT:PSS/polymer interface, however we show that the EQE enhancement is mainly due to a better confinement of minority carrier electrons in the active layer. The lifetime of the devices shows a remarkable increase correlated with the insertion of the PTFE layer. Such improvements are ascribed to the reduced electrochemical interaction between the electroluminescent polymer and PEDOT:PSS due to the chemically inert nature of PTFE. The PTFE acts as a chemical zipper of two heterogeneous media with the added functionality of control over the charge balance.
Introduction
The use of organic semiconductors for electronics has raised considerable interest based on their tunability of molecular properties and their potential for low-cost technology [1] [2] [3] . Organic light-emitting diodes (OLEDs), for example, have reached impressive performance, however device stability and longevity are still open issues that limit large-scale commercialization [4] .
The light output efficacy of OLEDs is strongly dependent on the electrodes that inject and confine charges in the emitting layer controlling, then, the brightness and electroluminescence (EL) efficiency. In this context poly(ethylene dioxythiophene):poly(styrene sulfonic acid), PEDOT:PSS, has attracted enormous attention since it features suitable optical and electrical performance as a transparent electrode: high work function (WF) (4.5-5 eV), small electrical sheet resistance and high transmittance in the visible [5] . It has been shown that this blend vertically phase segregates and an insulating negatively-charged PSS-rich top layer (5-15 nm thick) is formed [6] . Such a layer blocks electrons enabling a reduction/cancellation of the energy barrier at the PEDOT:PSS/emissive layer interface thus assisting the hole injection [6] [7] [8] . This may further enhance electron injection, with an uncontrolled feedback mechanism dictated by the PEDOT:PSS/electron interface [9] . Despite its beneficial properties, PEDOT:PSS also suffers from many drawbacks: strongly acidic character (pH $ 1.7) [10] , electromigration (of PEDOT + ) [11, 12] , and quenching of radiative emission [13, 14] . In this article, we propose the use of a few nm-thick superficial fluoropolymer interlayer, poly(tetrafluoroethylene) (PTFE, (CF 2 ) n , Fig. S1 ), between PEDOT:PSS and an electroluminescent polymer. The exceptional chemical inertness of fluoropolymers like PTFE further enhance its functionality as an ideal 'zipper' of inhomogeneous layers [15] . Another important characteristic is that the fluorine atom, being the most electronegative element, displaces substantially the electronic charge distribution in its surrounding and the bond has ionic character which allows for large 'potential' steps in highly confined 2D geometries ideal for use in LED structures.
The major limiting factor for using PTFE in LEDs is its insulating nature (resistivity in the order of $10
and its poor wetting properties that are a consequence of the superficial dipoles [16] . However, its chemical inertness is an extremely attractive property in organic electronic devices that are often subject to relatively fast degradation due to electrochemical interaction between inhomogeneous materials. It has been reported that when a thin ($1 nm thickness) PTFE film is incorporated in OLEDs between ITO and the active layer, an enhancement of the hole injection occurs due to the PTFE rugged surface that induces localized charge-injection [17, 18] . If the PTFE interlayer is thicker, then the insulating properties prevail reducing the hole injection. We recently employed ITO/PTFE electrodes in organic photovoltaic devices that revealed a $200 mV increase of the open-circuit voltage when compared to ITO, suggesting the formation of an interfacial dipole [19] .
We show that the insertion of PTFE in an OLED allows for the fine control of the charge balance by confining electrons into the emissive layer and by reducing hole injection. We also show that the PTFE interlayer is beneficial for the longevity of devices and assign this to reduced electrochemical interaction between the inhomogeneous components of the device. PTFE is insoluble in common solvents and inert to conventional chemical reagents. Alternative methods to solution process are preferred for PTFE coating as, for example, thermal or e-beam evaporation [17, 18] or even friction-transfer techniques [20] . We study thermally-evaporated PTFE interlayers (nominal The error bars are the standard deviation across 3 samples. thickness ranging 1-15 nm) between PEDOT:PSS and poly(9,9-dioctylfluorene) (PFO) (Fig. 1 ). Despite the low wettability of PTFE, it was possible to spin coat polymer films on PEDOT:PSS/PTFE substrates and fabricate ITO/ PEDOT:PSS/PTFE/PFO/Ca OLEDs (Fig. 2) . The study of the current/luminance vs. voltage (ILV) characteristics of these devices show a modified charge balance that can be ascribed to dipole formation at the PEDOT:PSS/PTFE interface as corroborated by WF measurements [16] . So, PTFE allows for the effective control of the charge balance leading to improve efficiency, without reducing the brightness of the devices.
We also find that devices incorporating the PTFE interlayer present an extended device lifetime (up to ca. 4 times longer for the most efficient devices) indicating that PTFE acts as electrochemical barrier between the layers of the device.
Results and discussion
In Fig. 1 are reported representative Atomic Force Microscopy (AFM) images of ITO/PEDOT:PSS and ITO/PED-OT:PSS/PTFE. The morphology of PEDOT:PSS surface consists of a smooth topography with 200-300 nm-sized domains due to lateral phase separation of PEDOT and PSS [21] . When deposited in thin films (e.g., 1 nm thickness) on PEDOT:PSS, PTFE forms islands with a lateral size of ca. 10-30 nm. For thicker PTFE films (e.g., 3 nm) the islands coalesce and become elongated structures. When the PTFE thickness is further increased the lateral size of the features is larger and increases progressively. The root-mean-square roughness of the films is 1.36 ± 0.02 nm for PEDOT:PSS and progressively increases as a function of the PTFE thickness reaching 3.5 nm for 12 nm-thick PTFE films ( Fig. 1b top panel) .
The WF measured by Kelvin probe method (KP) for PED-OT:PSS was found to be 4.95 ± 0.04 eV in agreement with earlier reports (Fig. 1b bottom panel) [12, 22] . When PTFE is deposited on top of PEDOT:PSS, the WF increases with thickness and reaches a maximum of 5.05 ± 0.02 eV for PEDOT:PSS/PTFE (7 nm) and then decreases to values comparable with that of bulk PEDOT:PSS.
The analysis of the characteristics of the ITO/PED-OT:PSS/PTFE/PFO/Ca/Al device ( Fig. 2) show similar voltage dependence for all PTFE thicknesses studied including the reference device without PTFE (in Fig. S2 we report representative device characteristics for each PTFE thickness). We distinguish three regimes: (1) the linear current regime (I $ V x , x = 1.1) at low voltage; (2) the turn-on regime, with the sharp enhancement in current density of several orders, and, (3) the device operational regime. A spacecharge-limited current model with a field-dependent mobility [23] can be used to describe the transport, which after switching, is bulk-limited [8] for the PTFE layers with thickness up to 10 nm. Above these values, the model fails to describe the characteristics.
Charge transport in PFO is typically hole-dominated and only poor electron transport has been observed [24] . However, work by van Woudenbergh [8] , in the same device architecture as studied here, demonstrates that the initial current at low voltage (regime 1) is not dependent on the anode and can be attributed to electron dominance, with a linear dependence consistent with the formation of an ohmic contact at the Ca cathode. The injected electrons drift towards the anode interface where they are blocked and form a space-charge layer that assists hole injection, and the device turns on (regime 2) [7, 8] . Since holes are more mobile than electrons, the hole population rapidly increases so to balance first, and then prevail on the electrons as it can be deduced from the sharp increase in the EQE and its subsequent decrease (inset in Fig. 2b ). In regime 3 current and luminance curves are not as steep as in regime 2 and the device is fully on [9] . The EQE is decreasing with voltage reflecting a poorer charge balance (holes exceeding electrons more and more) and, possibly, current-induced radiative emission quenching, but not degradation as proved by the reproducibility of repeated IVL scans.
The EL turn-on voltage displayed little dependence upon the PTFE thickness apart from a measurable increase ($0.2-0.3 V) for the devices with PTFE interlayers thicker than 10 nm. In order to study the charge balance, we compare the EQE of the devices at the same current density, J (Fig. 3a) . We select J = 1 mA/cm 2 (onset of EL turn-on) and J = 10 mA/cm 2 (device fully on). At 1 mA/cm 2 the device is very efficient, but the luminance quite low. At 10 mA/cm 2 the luminance is much higher and the device more stable. We observe that the EQE presents analogous trends for both these two current density regimes i.e., the EQE increases with the insertion of PTFE and is maximized for thickness ranging between 3 and 7 nm. In the case of J = 1 mA/cm 2 , there is an enhancement by a factor 1.5 (from $0.8% to $1.2%), while for higher J the efficiency is approximately doubled (from $0.4% to $0.8%). Devices incorporating PTFE films thicker than 7 nm display a progressive reduction of the EQE with PTFE thickness.
The current below the turn-on voltage is electron-dominated, while above turn-on the device is essentially bipolar, and that holes are the majority carriers, so we analyze the current density for the series of devices for V bias below (3 V -electron only) and above (6 V -hole dominated), the turn-on voltage (Fig. 3b) . In contrast with what is observed for ITO/PTFE/emissive layer/cathode devices studied by Qiu et al. [17, 18] , no current injection enhancement is observed, even for the thinnest (i.e., 1 nm) PTFE layer and the current density decreases sharply with insertion of PTFE films in both regimes, However, while for the case of electrons (V bias = 3 V) the J decreases by two decades, only one order of magnitude reduction is reported for at the holemajority regime (V bias = 6 V) suggesting that PTFE is more effective at blocking the electrons than at limiting hole injection.
The trend of luminance (Fig. 3c ) reflects the product of the J and EQE, so it is essentially decreasing (as for J) with a relative maximum corresponding to the values of the PTFE thickness where the EQE is maximum, i.e., 3-7 nm. It is worth noting that in this range of thicknesses the luminance is comparable with the reference device without the PTFE interlayer.
In order to decouple the effect of the PTFE insertion on the charge balance from the photoluminescence (PL) enhancement that is expected with the insertion of an insulator between PEDOT:PSS and the emissive layer [14] , we measured the PL quantum efficiency (PLQE) of glass/ITO/PEDOT:PSS/PTFE/PFO samples with an integrating sphere. We carried out the experiments exciting the PFO from the glass/ITO/PEDOT:PSS side (backward excitation, BWE) and from the opposite side (forward excitation, FWE) (Fig. 3d) . At the incidence angle used for the experiments (i.e., 45°), considering the absorption coefficient (ca. 2.3 Â 10 5 cm À1 as we measured normalizing the absorption by the thickness of the films) at the excitation energy (3.3 eV), it can be estimated that $50% of light is absorbed in the first $20 nm of the polymer film. So, depending on which side the PFO is excited, it is possible probe the PLQE at the air/PFO or PEDOT:PSS/PTFE/PFO interface and, then, the effect of the PTFE layer. Measurements show a monotonous increase of the PLQE for both configurations and the efficiency asymptotically reaches the value measured for PFO deposited on spectrosil, i.e., 44%. However, while only a weak dependence upon PTFE thickness is observed for FWE measurements, the experiment exciting the polymer from the PEDOT:PSS side is more sensitive and PLQE almost doubles increasing from 27% to 44%.
The lifetime of the non-encapsulated devices, when driven at constant current density (100 mA/cm 2 ) in low vacuum (10
À1
-10 À2 mbar), is reported in Fig. 4a . Data show a remarkable increase of the longevity of the devices that clearly correlates with PTFE layer thickness. For the most efficient devices, 7 nm for example, we register an increase of a factor 4 (Fig. 4b) . Since the experiment was carried out at constant current density, the value of the EL intensity directly reflects the EQE, so being more efficient, the device with the PTFE interlayer is also brighter. We observe that the EL for the device with PTFE, decreases progressively with time, whereas for the device without PTFE, the reduction of the EL, is followed, after a certain operating time, by an increase of the EL intensity.
Both types of devices become more and more resistive and the applied voltage necessary to sustain a constant current with the operating time increases linearly (Fig. 4c) . Although, the insertion of the insulating PTFE layer requires an initial higher applied voltage, the voltage increase rate with time is lower for the devices incorporating the PTFE layer.
In Fig. 4d we report the study of the evolution of the EL spectra as a function of the operating time for devices with PTFE interlayers 1, 3 and 5 nm. EL spectra display analogous vibronic structure to the PL (see Fig. S2 ), however they differ in the region between 480 and 520 nm where a broad component, referred in literature as ''green band'' (g-band) appears [25] [26] [27] . The latter becomes more intense with the device operating time and it is typically associated with the degradation of the device (see also Fig. S3 ). While the intensity of such does not differ significantly for the spectra at t = 0, differences are observed after 15 min and clearly the g-band is more intense for thinner PTFE interlayers. Our results do not show hole-injection enhancement as reported and predicted by Wu et al. [17, 18] . Indeed their proposed model predicts hole-injection enhancement only in presence of isolated rough grains. They reported PTFE forming rough surfaces on ITO and islands coalescing at thicknesses of $15 nm [17, 18] while, we observe that PTFE on PEDOT:PSS begin to coalesce at only $3 nm [18] .
The measured change of the effective WF (Fig. 1b bottom panel) does suggest the presence of a dipole. However, it has to be noted that the effective WF is measurable with the KP only for thin layers, while for thicker films the experiment is not sensitive to the substrate anymore and does not provide a measurement of the vacuum level shift at the interface [28] . So, although direct confirmation with photoelectron spectroscopy would be required, the increase of the effective WF for thin PTFE layers can be assigned to a dipole effect. Indeed, such an effect is highly plausible, since it would agree with the presence of superficial dipoles as expected for fluoropolymers [16] . The increase of the effective WF, with thickness may be related to a more ordered molecular nanostructure in thicker films that generates a more intense superficial dipole.
According to these considerations and combined with its low electron affinity (LUMO PTFE % 0.6 eV) [29] , it can be postulated that the PTFE acts as an electron-blocking layer. On the other hand, the holes experience a large energy barrier at the PTFE/PFO interface (HOMO PTFE % 10.6 eV) [29] and hole injection is expected to be strongly reduced by the insertion of the PTFE layer.
When PTFE interlayer is incorporated in the devices, such dipoles play a role similar to the negatively-charged PSS-rich layer in PEDOT:PSS. So, the device still presents the three regimes in which an electron-only regime is followed by a sharp transition where the holes start to be injected and the on-state. In the latter state, when increasing the PTFE thickness, the current density decreases, but values of the luminance are preserved for the most efficient devices (5-7 nm PTFE thick layer). Indeed, luminance is governed by the minority carriers so this agrees with the hypothesis in which the electrons are efficiently kept confined in the PFO layer.
The improved EQE, for intermediate thicknesses, has to be decoupled by the effect due to the increase of the PL quantum efficiency (Fig. 3d) . First we notice that PLQE only increases from 27% to ca. 40% for BWE while EQE increases even by a factor two for 3-7 nm-thick PTFE. Also, since the device is hole-dominated at operational voltages, the recombination zone is expected to be away from the anode and then relatively insensitive to changes of the PLQE due to insertion of the PTFE interlayer at the PEDOT:PSS/PFO interface. So, we conclude that the EQE enhancement cannot be assigned exclusively to the prevented PL quenching at PEDOT:PSS interface, but that a modified charge balance is likely to play the most important role, in agreement with the presence of superficial dipoles at the PTFE surface as suggested by the ILV analysis and WF measurements.
The direct correlation between the increase in lifetime of the devices with the insertion of the PTFE layer (Fig. 4) indicates that the PTFE interlayer is able to significantly slow down the degradation processes that are related to the PEDOT:PSS/PFO interface. For example, Kim et al. [30] identified one of the mechanisms that leads to a more resistive character of the PEDOT:PSS/emissive polymer interface. This is due to local de-doping of the PEDOT:PSS that occurs in correspondence of pin holes at the cathode. The slower evolution of the resistivity for the devices incorporating PTFE (Fig. 4c) suggests that the PTFE layer protects the PEDOT:PSS and prevent such de-doping process. The fact that, for the device without PTFE interlayer, the EL intensity (and efficiency) does not decrease monotonically, but, after a time increases, indicates a charge balance modification associated to the degradation of the electrode associated to the majority carriers (in this case the PDOT:PSS/PTFE). Such a change in the EL time evolution is not observed for the device with PTFE, suggesting a prevented aging of PEDOT:PSS, protected by the PTFE itself.
The PL and EL emission of PFO is often characterized by the occurrence of an emission at low energy, so-called gband, that differs from the pure intra-chain fluorene emission [25, 26] . This ''spurious'' feature is correlated with degradation of the device and it is undesirable because it significantly quenches the radiative efficiency and affects the color purity. The spectral location of the g-band is usually found peaked at about 535 nm, however an additional spectral feature has been found in EL, at shorter wavelength (i.e., between 475 and 510 nm) and is correlated to the presence of Ca electrodes that catalyzes oxidative processes [25, 27] . Furthermore, such spectral feature is more intense when the recombination zone is located closer to the more defective region near the Ca cathodes.
We attribute the occurrence of the green emission in our devices to the latter phenomenon since its spectral region better fits than for the typical fluorenone emission. This also agrees with the modified charge balance induced by the PTFE insertion in favor of electrons since, in this case, the recombination zone would shift away from the defective region in the vicinity of the Ca cathode. Thus, a less intense green emission follows.
Conclusions
In conclusion, we show that despite its low wettability, when a few nm-thick film of PTFE is deposited as interlayer on PEDOT:PSS it still allows fabrication of solution-processed polymer-based OLEDs. We measure an increase of the effective WF of PEDOT:PSS/PTFE when compared to PEDOT:PSS only. The hypothesis for the formation of interfacial dipoles is confirmed by the study of the characteristics of OLEDs that show improved electron confinement with the PTFE interlayer. The analysis of device characteristics shows that the PTFE layer is capable of controlling the charge balance, which maximizes the efficiency of the OLED without altering the light output. Measurements of the PLQE at grazing angles confirm that insertion of PTFE is beneficial to prevent the PL quenching at the anode/ polymer interface. However, the enhancement of the EQE is due mainly to the improved charge balance rather than to the reduced electrode-induced PL quenching.
Devices also report a dramatic improvement of the longevity indicating that the interlayer slows down aging processes like electrochemical interaction and ion diffusion.
The improved efficiency and stability with the insertion of nm-thick chemically-inert PTFE layers is a remarkable result that could be further improved by using other types of fluoropolymers or modifying the deposition techniques in order to enhance the intensity of the dipole.
Experimental details
ITO/PEDOT:PSS/PTFE/PFO/Ca/Al OLEDs were fabricated using ITO substrates that were preliminarily solvent cleaned (10 min ultrasonic bath in acetone and isopropanol) and then treated with oxygen-plasma [31] . Thin films (60-80 nm) of PEDOT:PSS (Baytron P AI 4083) were deposited in air by spin coating and then annealed at 120°C in nitrogen. PEDOT:PSS films were then transferred in air to an evaporation chamber where PTFE sheets (density = 2.17 ± 0.02 g/cm 3 ) thermally evaporated at 10 À6 mbar (evaporation rate = 0.1 nm/s), and transferred (in air) to a glove box where PFO films (thickness $90-110 nm) were deposited in nitrogen by spin coating p-xylene solutions (2% by weight). No annealing treatment was applied to the PFO films. PFO-end capped with dimethyl-phenyl was purchased by American Dye Source (ADS129BE, Mw = 48,800). Calcium(30 nm)/Aluminium(150 nm) electrodes were thermally evaporated at 10 À6 mbar on the polymer films. The thickness of the polymer films (90-110 nm) was measured using a Dektak profilometer. Non encapsulated devices were characterized in low vacuum (ca. 10 À1 -10 À2 mbar) after being transferred, under nitrogen, from the glove-box used for the cathode deposition. A source meter (Keithley 2400) was used to drive the devices to measure the current and light-vs.-voltage characteristics and for lifetime measurements. The EL output was measured with a calibrated silicon photodiode [12] . The work function, u, was measured, in air, by Kelvin probe measurement of the contact potential difference (CPD) [28] . The work function was calculated by referencing the CPD to the WF of highly oriented pyrolytic graphite, / HOPG = 4.475 eV [32] . The error bars are the standard deviation across 3 samples fabricated in different evaporations. The measurements, per each sample, were repeated in order to monitor the reproducibility of the measurements.
PLQE was obtained with the method of the integrating sphere. The PL and EL spectra were collected with an Andor Shamrock spectrograph (spectral resolution $1 nm) coupled with a charge coupled device, CCD. The PL measurements were conducted exciting the samples with a diode laser (E exc = 3.3 eV). For the photoluminescence efficiency an incidence angle of 45°was used in order to enhance the sensitivity of the measurement to the PEDOT:PSS/ PTFE/PFO interface when PFO was excited from the substrate side (backwards excitation) in contrast with excitation from the PFO side (forward).
The surface and film morphology was studied by atomic force microscope (Veeco DimensionTM 3100 Controller). Topography and phase images were simultaneously obtained using n 
